Abstract Enhanced oxidative stress plays an important role in the progression and onset of diabetes and its complications. Strategies or efforts meant to reduce the oxidative stress are needed which may mitigate these pathogenic processes. The present study aims to investigate the in vitro ameliorative potential of nine antioxidant molecules in L6 myotubes under oxidative stress condition induced by 4-hydroxy-2-nonenal and also to comprehend the gene expression patterns of oxidative stress genes upon the supplementation of different antioxidants in induced stress condition. The study results demonstrated a marked increase in the level of malondialdehyde and protein carbonyl content with a subsequent increase in the free radicals that was reversed by the pretreatment of different dietary antioxidant. From the expression analysis of the oxidative stress genes, it is evident that the expression of these genes is modulated by the presence of antioxidants. The highest expression was found in the cells treated with Insulin in conjugation with an antioxidant. Resveratrol is the most potent modulator followed by Mangiferin, Estragole, and Capsaicin. This comparative analysis ascertains the potency of Resveratrol along with Insulin in scavenging the reactive oxygen species (ROS) generated under induced stress conditions through antioxidant defense mechanism against excessive ROS production, contributing to the prevention of oxidative damage in L6 myotubes.
Introduction
Diabetes mellitus is a chronic metabolic disease and its incidence is rapidly increasing, affecting about 366 million people in the world (Day 2001) . The intimidating increase of diabetes is one of the major cause of morbidity and mortality of human beings worldwide and its highly increased annual rate indicates insufficiency of existing therapeutic options. The causal link between diabetes and its complications is recognized as hyperglycemia. The chronic hyperglycemia results in increased oxidative stress due to overproduction of reactive oxygen species (ROS) as a result of glucose auto-oxidation and protein glycosylation (Laaksonen et al. 1998) . ROS generation leads to oxidative damage of lipids, DNA and proteins of cells and creates diabetes-related complications (Robertson 2004) . The impairment in the functioning of endogenous antioxidant enzymes also induce oxidative insult in cells (Wu et al. 2010 ) and prolong exposure to oxidative stress may cause insulin resistance by causing an alteration in the redox balance at the cellular level (Mc Garry 2002) . The effect of ROS is balanced by the antioxidant action of non-enzymatic antioxidants as well as by antioxidant enzymes. In mammalian systems, the most efficient primary scavenger antioxidant enzymes involved in detoxifying ROS are superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione s-transferase (GST) (MatEs et al. 1999) while, nonenzymatic antioxidants include non-protein thiol, vitamin C and vitamin E (Maritim et al. 2003; Halliwell and Gutteridge 1999; Wiernsperger 2003) . These antioxidant defenses are extremely important because they provide maximum protection to biological sites by directly removing free radicals.
The multifaceted character of antioxidants in countering ROS and diabetes in animal models (Kowluru and Kenned 2001; Abiko et al. 2003) provides the impetus for identifying new and more efficient antioxidants, for treating diabetes and its complications. Antioxidants of plant origin (widely distributed in fruits, vegetables, beverages and herbal remedies) that are part of our regular diet can be important molecules to explore their therapeutic potential for countering issues related to ROS generated damages in diabetes. Of the different antioxidants of plant origin Curcumin, Mangiferin, Resveratrol, Hesperidin, Capsaicin, Baicalein, Carvacrol, Estragole, and Lycopene are some of the prominent once. Curcumin is the principal curcuminoid found in turmeric (Kochhar 2008 ) with many beneficial effects such as antioxidant, scavenging free radicals, antiinflammatory and so on (Shao et al. 2012) . Curcumin has been reported to inhibit insulin signaling pathway and glucose transport in 3T3-L1 adipocytes under normal culture condition (Zhang et al. 2015) . Another important molecule mangiferin is reported to possess antioxidant effects (Sanchez et al. 2000) . Mangiferin attenuates oxidative stress through activation of PI3K induced Akt and Nrf-2 mediated signaling pathways in NKE cells (Saha et al. 2016) . Resveratrol is a natural polyphenol whose hypoglycemic and hypolipidemic effects have been innumerate in streptozotocin-induced diabetic rats (Aderibigbe et al. 1999) . In Swiss 3T3 fibroblasts, resveratrol showed the protective effect against 4-hydroxynonenal (4-HNE) induced oxidative stress and apoptotic death (Kutuk et al. 2004) . Similarly, the hesperidin molecule has been shown to possesses hypoglycemic, antioxidant activities, anti-inflammatory, anti-carcinogenic and lipidlowering properties (Choi et al. 2001) . Recently, it has been reported that hesperidin has inhibitory effects in the production of reactive oxygen species and reactive nitrogen species in 3T3-L1 and RAW264 cells (Jeon et al. 2014) . Capsaicin is the active component of capsicum which was found to inhibit 3T3-L1-preadipocytes adipogenesis in vitro and also prevented high-fat diet induced obesity (Zhang et al. 2007) . Flavanoid, Baicalein is another potent antioxidant obtained from Scutellariae radix which possesses anti-inflammatory and antioxidant activities (Zhao et al. 2005) . In HMEC-1cells, Du et al. (2017) reported that baicalein abolishes oxidative stress. A phenolic monoterpene, Carvacrol, is another plantbased antioxidant produced by aromatic plants and spices, present in the genera Origanum and Thymus (Can Baser 2008) . Carvacrol possesses several biological actions, including anti-inflammatory, antioxidative, and anti-apoptotic properties (Guimaraes et al. 2010) . It was revealed that carvacrol has anti-proliferative properties on human non-small cell lung cancer cells, A549 (Koparal and Zeytinoglu 2003) . Carvacrol was found to improve the cognitive function of diabetic rats, which was linked with its hypoglycemic, antioxidant, and anti-inflammatory properties (Deng et al. 2013) . Estragole antioxidant is a component of various trees and plants, including turpentine (pine oil), anise, fennel, bay, tarragon, and basil. In human skeletal muscle cells, Wang et al. (2004) reported that alcoholic extract of Artemisia dracunculus improved glucose disposal in these insulin sensitive tissues. Another major fruit based antioxidant studied upon is Lycopene, found naturally in fruits and vegetables, belonging to the carotene family. Although found in many fruits and vegetables, Lycopene is mostly found in tomatoes and tomato products (Breinholt et al. 2000) . It demonstrates antioxidant activity by destroying oxygen radicals, as retinol, a-tocopherol, and carotenoids do (Erhardt et al. 2003) .The effect of lycopene on oxidative stress in the H9c2 cell has been reported by Liu et al. (2015) . Although, Curcumin, Mangiferin, Resveratrol, Hesperidin, Capsaicin, Baicalein, Carvacrol, Estragole, and Lycopene have been explored individually to establish their hypoglycemic, antioxidant, and antiinflammatory properties etc., a comparative analysis of their potential in the oxidative setup is still not available. In view of this, it would be interesting to explore the most potent antioxidant molecule possessing ROS quenching properties to bridge this lacking information.
The present study was carried out hypothesizing that some of the well-known dietary antioxidants may be effective in reducing the oxidative stress-induced impairments in the skeletal muscle cell, impressed upon by HNE. The study aims to investigate the in vitro ameliorative potential of these nine antioxidant compounds in L6 myotubes in combating oxidative stress conditions and also to comprehend the gene expression patterns of oxidative stress genes upon supplementation of different antioxidant in induced stress condition. As insulin is a positive modulator of ROS, we were interested to study the effects of antioxidants treatment conditions by keeping the insulin treatment as a comparative reference. We also wanted to observe if the antioxidants were able to combat ROS individually or in combination with insulin. Additionally, we were interested in identifying the most potent antioxidant molecule having the potential to be used as an additive supplement to reduce the risk of oxidative stress-based diseases.
Materials and methods

Materials
Antioxidants were purchased from Sigma-Aldrich (St. Louis, MO, USA). DMEM (Dulbecco's Modified Eagle's Medium), FBS (Fetal Bovine Serum), and HS (Horse Serum) were purchased from Himedia Laboratories Pvt. Ltd., (Mumbai, India). DMSO (Dimethyl Sulfoxide) was purchased from Merck (Mumbai, India). HNE, Rosiglitazone, mannitol, insulin and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), were purchased from SigmaAldrich Chemicals. Trizol, SYBR Green PCR master mix, and Reverse Transcriptase III were purchased from Invitrogen, Life Technologies (Carlsbad, CA, USA). H 2 DCFDA (2 0 ,7 0 -dichlorodihydrofluorescein diacetate) and glucose uptake assay kit were purchased from Sigma-Aldrich.
Sample preparations
The antioxidants (cell culture grade) and rosiglitazone were dissolved in DMSO, as per the instructions were given in the manufacturer's product information to prepare the mother stocks. The final concentration of DMSO in the working stock solutions did not exceed 0.02%. Insulin was dissolved in DMEM for preparing the working stock concentration of 100 mM. Mannitol was dissolved in PBS and then diluted in DMEM to prepare a final working stock concentration of 100 mM. For preparing HNE stocks, it was dissolved in ethanol as per the manufacturer's product information and further working stocks were prepared in DMEM.
Cell culture and treatment L6 myoblasts were purchased from National Centre for Cell Sciences (NCCS) (Pune, India). L6 cells were grown in DMEM containing 10% FBS, 100 lg/ml / 100 units/ml antibiotics streptomycin and penicillin in an atmosphere of 5% CO 2 at 37°C until they reached 80% confluence. For the experiment, cells were grown at a density of 3.5 9 10 4 cells/well on 6-well plates. To obtain fully differentiated myotubes, myoblasts were reseeded in DMEM having 2% HS for 8-10 days, with a medium change every 72 h.
Experimental design
Oxidative stress on L6 cells was induced by using HNE treatment at different concentrations of 50, 100 and 150 lM for 24 h. The cytotoxicity levels in the cells were measured and optimum dose for HNE, as an oxidant, was standardized. The effects of different antioxidants were tested for lower to higher concentrations (1-200 lM) for a period of 24 h. The concentration which generated 90% viability after 24 h of exposure was selected for treatment. The treatment pattern followed for the assays include pretreatment of cells with Antioxidants, Rosiglitazone and Mannitol for 24 h and then HNE treatment for 24 h, followed by 100 nm Insulin stimulation for 30 min.
Cell viability and cytotoxicity test
The viability of L6 cells was measured by means of MTT assay. Cytotoxicity of HNE and all antioxidants were standardized, based on concentration. Briefly, L6 cells after incubation with HNE and with antioxidant compounds were washed and MTT (50 lg/100 lL) was added to each well for the estimation of mitochondrial dehydrogenase activity (Mosmann 1983) . After 4 h incubation, 100 ll of DMSO was added to each well and the absorbance at 570 nm of solubilized MTT formazan products was measured after 2 h using a microplate reader (BIOTEK Instruments, Winooski, VT, USA).
Measurement of intracellular reactive oxygen species
The intracellular ROS level in L6 myotubes was estimated by H 2 DCFDA (Sigma-Aldrich) method. Cells grown in 6-well plates were administered different treatments and then treated with H 2 DCFDA at 37°C for 30 min in PBS, rinsed, and intracellular ROS containing cells were analyzed by cytoFLEX flow cytometer (Beckman Coulter, Brea CA, USA) with FlowJo (version 10) software to determine relative fluorescence intensity.
TBARS (2-thiobarbituric acid reactive substances) activity assay
Lipid peroxidation within cells occurs as a result of oxidative damage and is a direct marker for oxidative stress. TBARS are naturally present in the biological sample which measures malondialdehyde (MDA), a compound that generates from the decomposition of polyunsaturated fatty acid lipid peroxides. MDA is one of several low-molecular-weight end products formed via the decomposition of certain primary and secondary lipid peroxidation products.
Protein carbonyl content assay
The most commonly used stable oxidative damage marker to assess protein oxidation is the protein carbonyl content. The protein carbonyl content assay Kit from Sigma-Aldrich was used as a direct method for measuring carbonyl content in our experiments. Carbonyl content was determined by the derivatization of protein carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH) leading to the formation of stable dinitrophenyl (DNP) hydrazone adducts, which were detected spectrophotometrically at 375 nm, the amount being proportional to the carbonyls present.
Glucose uptake assay Glucose uptake activity was analyzed by measuring the uptake of 2-deoxy-D-glucose (2DG) using a commercial glucose uptake activity assay kit (Sigma-Aldrich). In this assay, 2-DG uptake was determined by a coupled enzymatic assay in which the 2-DG6P when oxidized, results in the generation of NADPH, which was then determined by a recycling amplification reaction in which the NADPH is utilized by glutathione reductase in a coupled enzymatic reaction produces glutathione. Glutathione reacts with DTNB to product TNB, which was detected at 412 nm.
Antioxidant enzyme activity assay
To determine the enzymatic activity of SOD and CAT, L6 myotubes were incubated in different treatment combinations for 24 h and assays were performed after lysing cells with 1X RIPA buffer.
SOD assay
Superoxide dismutase (SOD), is one of the most important antioxidative enzymes which catalyzes the dismutation (or partitioning) of the superoxide anion into either ordinary molecular oxygen or hydrogen peroxide. SOD is produced as a by product of oxygen metabolism and if not regulated, causes many types of cell damage. The Sigma SOD Assay Kit-WST produces a water-soluble formazan dye upon reduction with a superoxide anion. The rates of the reduction with O 2 are linearly related to the xanthine oxidase (XO) activity and are inhibited by SOD. The SOD activity was quantified colorimetrically by measuring the decrease in the color development at 440 nm.
CAT assay Catalase (CAT) is an antioxidant enzyme present in mammalian and non-mammalian aerobic cells. This enzyme catalyzes the decomposition of hydrogen peroxide (H 2 O 2 ) to water and oxygen. The Sigma Catalase assay kit uses a substituted phenol (3,5-dichloro-2-hydroxybenzenesulfonic acid), which couples oxidatively to 4-aminoantipyrine in the presence of H 2 O 2 and horseradish peroxidase (HRP) to give a red quinoneimine dye (N-(4-antipyryl)-3-chloro-5-sulfonate-p-benzoquinonemonoimine) that absorbs at 520 nm to indicate the presence of H 2 O 2 .
Extraction and analysis of RNA and quantification by real-time RT-PCR Extraction and cDNA conversion of RNA For RNA isolation, L6 myotubes were grown in DMEM medium. For inducing treatment conditions, the experiments were carried out in four groups, of which the first group comprised of HNE untreated cells, the second group comprised HNE treated, the third group was HNE untreated cell supplemented with insulin and the fourth group included HNE treated cell supplemented with insulin as depicted ( Table 1 ). The reference gene GAPDH was amplified using forward primer 5' TGCACCACCAACTGCTTAGC 3' and reverse primer 5' GGATGCAGGGATGATGTTCT 3'. Total RNA was isolated from each treatment condition using Trizol reagent according to the manufacturer's protocol (Invitrogen, Life Technologies). One microgram of total RNA was reverse transcribed using the Reverse Transcriptase III (Invitrogen, Life Technologies) according to the manufacturer's protocols.
Designing of primers
The primers were designed using the IDT (Integrated DNA Technologies) Oligoanalyzer 3.1 software and the mRNA sequence was extracted from NCBI database. The primers were checked for their Tm values, hairpin loops, dimers, cross-dimers and number of repeats using the Oligoanalyzer 3.1. The gene names, GenBank accession numbers, amplicon sizes, and the sequences of the primers are listed in Table 2 .
Real-time PCR analysis
Real-time PCR (RT-PCR) was performed with a StepOnePlus TM Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) using Power SYBR Green PCR master mix (Invitrogen, Life Technologies) according to the manufacturer's protocols. Briefly, PCR was performed in a final volume of 20 ll comprising of 5 ll of 80 ng sample cDNA, 0.2 ll of 100 nM forward and reverse primers, and 10 ll Power SYBR green PCR Master Mix. The following thermal cycling profile was used (40 cycles): 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min. Standard curves for each gene were generated by 1:5 dilutions of cDNA to determine the PCR efficiency of target and reference gene. Standard curves were established by plotting the threshold cycle Ct versus Log10 (cDNA). The PCR efficiency was calculated by the following equation: PCR efficiency (E) = (10 -1/slope -1) 9 100. Using the Ct comparative method, the relative abundance of the target transcript was calculated from triplicate samples after normalization against a housekeeping gene. The mRNA levels (arbitrary units) are expressed in relation to those of the control cells. Relative quantification was calculated using the 2 -(DDCt) method, where DDCt = (Ct, target -Ct, GAPDH) treated sample -(Ct, target -Ct, GAPDH) control sample. RT-PCR results are presented as the mean and SD of the relative fold changes to 2 -(DDCt).
Statistical analyses
Results are expressed as means and standard deviations of the control and treated cells from triplicate measurements (n = 3) of three biological replicates. Data were subjected to one-way ANOVA and the significance of differences between means was calculated by Tukey's Multiple Comparison Test using GraphPad Prism Software and significance was accepted at P B 0.05. *P \ 0.05; **P \ 0.01; ***P \ 0.001 versus control and # P \ 0.05; ## P \ 0.01; ### P \ 0.001 versus HNE treated.
Results
Cell viability
L6 myotubes were cultured and seeded in 96 well dish (10,000 cells per well) in triplicates and cytotoxicity of HNE, Curcumin, Mangiferin, Resveratrol, Hesperidin, Capsaicin, Baicalein, Carvacrol, Estragole, and Lycopene was studied by MTT assay. The concentration of HNE and all antioxidants was standardized, based on cytotoxic levels determined by MTT assay (Fig. 1a) . A concentration of 100 lM for HNE was found to be less than 50% toxic for a period of 24 h. Antioxidants, Curcumin (1 lM), Mangiferin (20 lM), Resveratrol (10 lM), Hesperidin (10 lM), Capsaicin (10 lM), Baicalein (10 lM), Carvacrol (10 lM), Estragole (20 lM) and Lycopene (10 lM) showed more than 90% survivability for an incubation period of 24 h (Fig. 1b-e) . Results were expressed as a percentage of survival.
HNE induces intracellular ROS production
Intracellular ROS in L6 myotubes was determined by H 2 DCFDA. Our results demonstrated that tested concentration of HNE (100 lM) produced 121% increase in ROS activity (Fig. 2) , when compared to control cells which produced a negligible amount of ROS. Treatment with insulin and antioxidants led to ROS production almost similar to control cells. Addition of antioxidant Resveratrol yielded ROS production similar to untreated controls. Production of total ROS decreased by 44 and 27% on treatment with insulin combined with antioxidants Resveratrol and Mangiferin (P \ 0.001), respectively, when compared to control cells, in the presence of HNE. Also, ROS production was significantly (P \ 0.001) lowered by 49% when compared to control cells, on treatment with Estragole combined with Insulin, in the presence of HNE.
TBARS (2-thiobarbituric acid reactive substances) activity assay
Lipid peroxidation, determined by the thiobarbituric acid method, indicated that cells exposed to HNE for 24 h showed a significant increase in malonaldehyde, the metabolic product of lipid peroxidation, over that of control L6 myotubes (Fig. 3) . Pretreatment of antioxidants significantly (P \ 0.001) reduced the malonaldehyde level to that of control. The lipid peroxidation level was observed to be maximum in HNE treated cells 0.022 nmol/mL and lowered in antioxidants and insulin treated cells (0.015 nmol/mL). Protein carbonyl content assay Protein carbonyl groups are an important and immediate biomarker of oxidative stress. DNPH tagging of protein carbonyls has been one of the most common measures of oxidative stress. There was a significant increase in protein carbonyl content in L6 myotubes on induction of oxidative stress (0.335 ± 0.009 nmole/lg protein) than that of untreated control (0.0968 ± 0.001 nmole/lg protein). Pretreatment with different dietary antioxidants significantly (P \ 0.001) restricted the production of protein carbonyl (Fig. 4) . The insulin treated cells with less oxidative damage generated lower carbonyl content (0.0146 ± 0.006 nanomole carbonyl/lg protein).
Glucose uptake measurements
Glucose uptake in L6 myotubes was analyzed by glucose uptake calorimetric assay kit (Sigma), which provides a simple and direct procedure for measuring glucose uptake in cells. There was no significant effect on glucose uptake in the cells treated with HNE as compared to control (Fig. 5) . Preincubation with antioxidants significantly increased glucose uptake in L6 myotubes (P \ 0.001) in the presence of oxidative stress induced by HNE.
Antioxidant enzyme activity of SOD and CAT SOD enzyme activity was performed (in triplicates) with the L6 cell lysate by the Sigma SOD Assay Kit-WST ( Supplementary Fig. 1a ). SOD enzyme activities were measured in whole groups, and it was observed that with only antioxidant treatment, the maximum SOD activity was generated with Estragole (34.14 ± 1.5) and Carvacrol (33.39 ± 0.71) and the positive control treatment mannitol (41.25 ± 1.7). A significant reduction in activities of enzymatic antioxidant upon HNE (15.97 ± 1.48) treatment was observed. However, treatment with antioxidants significantly (P \ 0.001) increased the level of enzymatic antioxidant in the L6 cells. Highest SOD activity was observed in cells with insulin treatment (45.24 ± 1.65). Similarly, CAT activity was assayed using the same lysate that was used in SOD assay. A standard curve was plotted using the different concentration of hydrogen peroxide. With HNE treatment; the average CAT activity (micromoles/ min/mol) was as low as 3.85 ± 0.264. The presence of insulin enhanced the CAT activity to 38.35 ± 2.53. Maximum CAT activity using antioxidants was generated with Estragole (30.65 ± 2.69) and Carvacrol (28.94 ± 2.13) and with the positive control treatment Rosiglitazone (26.93 ± 2.13 and mannitol (29.68 ± 3.43) (Supplementary Fig. 1b ).
Expression analysis of genes associated with oxidative stress pathway
The expression analysis of oxidative stress genes, including SOD, CAT, GPx, and GST decreased in cells treated with HNE as compared to the control. Pretreatment of cells with different dietary antioxidants (Curcumin, Mangiferin, Resveratrol, Hesperidin, Capsaicin, Baicalein, Carvacrol, Estragole, and Lycopene) upregulated the expression of oxidative stress genes, which was deleteriously suppressed due to HNE stress.
Expression analysis of SOD gene across various treatments set
The relative fold change of SOD gene was observed to be significantly (P \ 0.001) downregulated in HNE stress as compared to control L6 myotubes (Fig. 6a) . The pretreatment of antioxidants on HNE treated L6 myotubes significantly (P \ 0.001) upregulated the expression of SOD gene. It was observed that only antioxidant treatment, the maximum SOD gene expression was with antioxidant Resveratrol then antioxidant Estragole and in the positive control mannitol treatment. In the case of all combination treatments, the maximum fold change was observed with mannitol ? insulin treatment.
Expression analysis of CAT gene across various treatments set
In case of regulation of CAT gene, HNE treated cells were found to be significantly downregulated as compared to control L6 myotubes (Fig. 6b) . However, with pretreatment of antioxidants to HNE treated L6 myotubes significantly (P \ 0.001) increased the regulation of CAT gene throughout all treatment combinations. Among the antioxidant treatments, maximum fold change was observed in cells treated with Resveratrol followed by Mangiferin. Thus, for
CAT gene the overall maximum fold change was observed in mannitol ? insulin treatment.
Expression analysis of GPx gene across various treatments set
The relative fold change of GPx genes across various treatments is shown in Fig. 6c . The GPx gene observed to be significantly downregulated in L6 myotubes treated with HNE when compared with control L6 myotubes. The pretreatment of antioxidants to HNE treated L6 myotubes significantly (P \ 0.001) upregulated the expression of GPx gene. Among all antioxidant treatments, maximum upregulation was observed in Resveratrol treatment followed by Mangiferin treatment. GPx gene showed upregulation with Rosiglitazone (positive control). In the case of combination treatment, the maximum fold change was observed with the combination of mannitol ? insulin (Fig. 6c) . The relative fold change of GST gene, across various treatments are shown in Fig. 6d . The GST gene observed to be significantly downregulated in L6 myotubes treated with HNE when compared with control L6 myotubes. The pretreatments of antioxidants on HNE treated L6 myotubes, significantly (P \ 0.001) enhanced the regulation of GST gene among all treatment combination sets. Among all antioxidants, the maximum fold change was observed in Resveratrol followed by Mangiferin and in the positive control mannitol. In combination treatment, the maximum fold change was observed with the combination of mannitol ? insulin (Fig. 6d) .
Discussion
Oxidative stress plays a key role in the pathophysiology of T2D and its complications (Ramakrishna and Jailkhani 2008) . Oxidative insult in cells is mainly caused by the impairment in the functioning of endogenous antioxidant enzymes (Tiwari et al. 2013 ) that can be prevented by reduced lipid peroxidation and improved antioxidant status. Antioxidant in T2D patients neutralizes the activity of free radicals through several pathways, acting as an enzyme that destroys free radicals, binds to metals which stimulate the production of free radicals and thereby inhibits the formation of free radicals, as well as acting as scavengers of free radicals (Zatalia and Sanusi 2013) . In the present study, the significant increase of ROS in HNE treated cells was observed which validate that HNE contributes to the production of ROS. Our study results are in agreement with previous report by Usatyuk et al. 2006 , who reported HNE treatment induced an increase in intracellular ROS production in L6 muscle cells and hence can be used as a medium to generate ROS induced oxidative stress condition in in vitro models.
Defects in the antioxidant defense system are in close association with induction of lipid peroxidation Fig. 5 Glucose uptake activity assay level in control and treatment groups of L6 myotubes. Results are expressed as means and standard deviations of the control and treated cells from triplicate measurements (n = 3) of three biological replicates. Data were subjected to one-way ANOVA and the significance of differences between means was calculated by Tukey's Multiple Comparison Test using GraphPad Prism Software and significance was accepted at P \ 0.05. *P \ 0.05; **P \ 0.01; ***P \ 0.001 versus control and #P \ 0.05; ##P \ 0.01; ###P \ 0.001 versus HNE treated (Jagetia and Baliga 2003) . The level of TBARS has been shown to significantly increase in T2D with the duration of disease and development of complications (Hernandez-Munoz et al. 2013) . It has been observed that levels of malondialdehyde, a byproduct of lipid peroxidation increases on induction of oxidative stress with HNE. In the present study, the significant increase in lipid peroxidation in HNE treated cells by 0.0222 nmol/mL indicated significant induction of oxidative stress. The generation of HNE induced ROS was significantly reduced in cells that were pretreated with antioxidants, as compared to HNE exposed cells. between various groups were determined by using one way ANOVA followed by Tukey's Multiple Comparison Test using GraphPad Prism Software and significance was accepted at P \ 0.05. *P \ 0.05; **P \ 0.01; ***P \ 0.001 versus control and The present study shows that administration of different dietary antioxidants significantly normalized the TBARS levels in HNE treated cells (Fig. 3) . Similar observation has been reported in in vivo models; previously Arulselvan and Subramanian (2007) reported that the increased level of lipid peroxidation in diabetic rats is due to increase in levels of TBARS and hydroperoxides in the liver and kidney. The present findings of lipid peroxidation come in accordance to Kakkar et al. (1995) and Limaye et al. (2003) , who reported a significant increase of lipid peroxidation at 6 weeks of streptozotocin-induced diabetes. Murugan and Pari (2006) also reported an increase of TBARS in STZ induced diabetic rats.
During stress conditions, elevated levels of oxidized protein are present in animals and cells (Berlett and Stadtman 1997) . The oxidative stress conditions result in the inactivation of protein functions through protein oxidation content. Carbonylation is one of protein oxidation processes that can occur directly on proteins, often in response to the metal-catalyzed formation of hydroxyl radicals (Levine 2002; Stadtman and Levine 2000) . In the present study, we have observed an increased level of protein carbonyl in HNE treated cell as compared to control. The pretreatment of dietary antioxidant significantly decreased the protein carbonyl content, and such results have also been presented by Nakhaee et al. (2009) , who reported a decrease in protein carbonyl content upon eucalyptus treatment in diabetic rats. Diabetes mellitus is associated with decreased glucose uptake in skeletal muscles due to the phenomenon of insulin resistance (Shirwaikar et al. 2006 ). The present study shows that antioxidants treatment reduced the elevation of ROS and enhanced glucose uptake in L6 myotubes. Our findings are in agreement with the results reported by Dachani et al. (2012) who demonstrated that Trichodesma Indicum extract can enhance glucose uptake under in vitro conditions. Oxidative stress markers which are enzymes SOD, CAT, GPx and GST change drastically under stress conditions as also evidenced in our study. Previous studies in regards to the effect of oxidative stress on antioxidant enzyme activities have been mostly reported from in vivo models where changes significantly vary from no changes (Hussein and Abu-Zinadah 2010) , to decrease (Limaye et al. 2003) and to increase (Cho et al. 2002) depending on the duration of the experiments. Srinivas et al. (2003) reported that the antioxidant drug, bis-o-hydroxycinnamoyl methane, imparts protection to cells against ROS-mediated damage by enhancing antioxidants and reduces hyperglycemia in streptozotocin (STZ)-induced diabetes. It has also been reported that some antioxidants such as vitamins C and E, lipoic acid reduced hyperglycemiainduced biological changes, including cytokine expression and matrix synthesis (Hussein and AbuZinadah 2010; Abdulkadir and Thanoon 2012) . Recently Kolsi et al. (2017) reported that the SOD, CAT and GPx levels enhanced significantly upon treatment of pancreas, liver, and kidney with Cymodocea nodosa extract when compared to the untreated diabetic rats. Quantitation of mRNA was carried out by real-time PCR, which is a very sensitive and reliable method for the expression analysis (detection of a single mRNA molecule) of transcripts under induced stress to correlate to their enzymatic counterpart to decipher the role of the genes. In the study, Real-time PCR analysis was performed using comparative Ct method for SOD, CAT, GPx and GST genes after being normalized against housekeeping gene, GAPDH to provide significant evidence on the effect of efficient antioxidant upon these tested oxidative stress genes. The different treatment combinations with and without the usage of antioxidant (refer to Table 1 for combinations) showed that insulin and mannitol combination possesses the highest combating power to scavenge ROS generated as evident from Fig. 6a-d for all studied genes. Treatment with HNE was found to alter the expression of SOD, CAT, GPx, and GST. The relative fold change of all genes was observed to be significantly downregulated in presence of HNE when compared with control L6 myotubes. Pretreatment with antioxidants on HNE treated L6 myotubes significantly upregulated the expression of tested genes. The increasing gene expression of SOD, CAT, GPX, and GST in our study seem to be a natural response of the cell to cope up with oxidative stress upon dietary antioxidants pretreatment. In our comparative analysis, it was observed that no antioxidant singly altered the expression of all oxidative stress genes in a similar fashion, however, of all target molecules Resveratrol and Mangiferin showed maximum alteration in the expression of the oxidative stress genes tested. Of all the tested molecules, Lycopene though till now has been described to be a very effective and potent antioxidant (Srinivas et al. 2003; Di Mascio et al. 1989) , however in our study Lycopene seemed to alter the expression of most of the genes least. Insulin ? mannitol effects were the same across all oxidative stress genes SOD, CAT, GPx and GST tested. Insulin remains the best modulator under the stress condition as reported in various studies.
Conclusions
Strategies to mitigate oxidative stress have currently become a significant pharmacotherapy in the treatment of diabetic complications. The results of this study indicate that antioxidant Resveratrol shows positive effects on oxidative stress genes under stress conditions. Resveratrol is the most potent followed by Mangiferin, Estragole, and Capsaicin amongst antioxidants. Resveratrol along with insulin performed the best to scavenge ROS generated during stress. The analysis of SOD, CAT, GPx, and GST gene with different treatment combinations along with different antioxidants indicates that the highest expression was found in cells treated with insulin and antioxidant treatment combination, from which we can draw a conclusion that the antioxidants along with insulin work best to scavenge ROS generated during stress. Although previous studies have confirmed the potential of Insulin to combat diabetes solely, we observed that insulin in combination with the dietary and natural antioxidant was mostly more effective. Further experiments have to be performed in the in vivo models to provide more affirmative results regarding the exact potency of the antioxidants.
